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Efficiency: heat to work

Réflexions sur la puissance motrice
du feu et sur les machines propres a

developer cette puissance.

Ueber die bewegende Kraft der Warme

_output work W

1 -

= 1.

I
input heat Q, 1,

Carnot El'ﬂclencyj

AS,, =0

und die Gesetze, welche sich daraus
fur die Warme selbst ableiten lassen

1* law

W =Qh_Qc_ﬁ
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Thomas Graham

AE=0+W
W=u AN

Flux 1/,/M enrichment

Energy 2k;T cooling

Cosine law deposition

EFFUSION

as a thermal engine

efficiency n
W (&, = th,) <AN>

= <1—L-n
Sl =

0, (Ae)-p,(AN)
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EFFUSION
as a thermal engine

reaching Carnot efficiency?

reversible operation: filter specific speed v |

particle density with speed v same left and right

2 2
- n mv-.on my
exp( - = exp(-—
7—;3/2 p( 2kTC ) ]-;13/2 p( 2kTh )
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w=kT InnJh> 1 2xmkT
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my
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Efficiency: Work to Work Engine

1St laW moad = Wdriving - Q - x

2" law  AS, = % + M =0

Wdriving Wload y
_ moad 1_1 Q 2< _ 1
nN=——=1= =N =
Wdriving Wdriving
X e

Brownian particle A e . —

F, (load) F,(driving) X7, F = Fl + .FQ
1._ ) ._,‘ J

. e W woa - F 2 .

eﬁlczencyn=W"’“d _ < L d> — < - > ’Fl
driving <wdriving> < 0 load

X)=—-b122




Stochastic efficiency of small engines?

W _ () versus 17=K

0, {(q,) q,

n=

L.

¥ law w=q,—q. —X

2™ law As, —&+i+
S

(As,,)=0

ASt0t=0%T] ="Mc

1st law 2nd law
w QC T; Astot

e e
' ' ' P (As,,)

B(W, Qh)

— B(n)



e @ ) 0:7
e e e e 06
Heat to work: * 9®e8 © ®
° . e Togol (&) O -I. n 04
effusion engine o®b Sl r o
O O G O . 0.2
- @ ® e - e :
@ [ ) 0.1
O 0
h
An, Ae

_K= (Auc _luh) An
G, Ae-mAn

kinetic theory — P.(An,Ae)— P.(1))

P) Jn)
| RmpEer |
J(M)/(>)

large o
deviation i
| function
0.0001 _o%: ; i E . ln P 2
e R J(n)=—hm—’(m

t—0

1e-05
-3

0




Work to work:
Brownian particle

F, (load) F,(driving)

X

: Brownian motion in force field F'=F, + F,

bi-Gaussian (X)=
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time symmetric } Stochastic thermodynamics

engine
TW 1" law w=gq,—q. —X

’ 0,4
m 2 A, e

ac
P(qh’w) o8 eAszoz

dh
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.o -tJ(n) — 1 T W
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Gn.w n=w/q,

TI =W / Qh = nc . . .
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The Carnot efficiency is the least likely to be observed in the long time limit!



Im) J(m) P (77) - e—z](n)

universal shape t

close to equilibrium
universal scaling form
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time asymmetric

engine

P () e

Jand J cross in 7,

Single particle
Carnot engine
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Figure 6: —(1/n)In P, (n) for 5 (blue), 10 (red) and 20 (green)
cycles of the heat engine and its time-inverse, with 73 = 27,
(i.e. nc = 1/2), v = 0.3 and * = 0.5. The purple curve is
the extrapolation to the LDF. The macroscopic efficiency is
given by 1 = —0.02 Inset: convergence of the intersections
efficiency n™ of forward and time-reverse curves to nc as the
number n of cycles increases. The dashed line is a power law
fit of the form a/n”, with a = 5.49 - 1072 and 8 = 0.13



Information to work

[ ] [ ] J(’f])
Szilard engine 03 —
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Aj = —lni Ai=-In=—" Figure 5: —(1/n)In P,(n) for 10 (blue), 20 (red) and 50
L L (green) cycles of the Szilard engine and its time-inverse, with
u = 0.1 and z = 0.7. The purple curve is the extrapolation to
the LDF. The macroscopic efficiency is 7 = 0.80. The inset
shows Pio(n).



Stochastic work w and heat q hence stochastic efficiency n=w/q can be measured!

LLiphardt et al, Science 296 1832, 2002. V. Blickle, T. Speck, L. Helden, U.S., C. Bechinger, PRL 96, 070603, 2006
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Brownian
: particles
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PHYSICAL REVIEW E 74, 021117 {2006)
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~ Fluctuation theorem for the effusion of an ideal gas

B. Cleuren* and C. Van den Broeck

PHYSICAL REVIEW E 71, 060101(R) (2005)
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Nonequilibrium fluctuations in a resistor

N. Garier* and S. Ciliberto
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JOURNAL OF APPLIED PRYSICS 113, 126507 (2013)

Test of the fluctuation theorem for single-electron transport

B.Kiing,"*'C. Rdssler M. Bock M. Marthalr, 0. 5. Golubew," Y. Utsum T hn,
andK. Ensslin
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Test of the Jarzynski and Crooks Fluctuation Relations in an Electronic System
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FIG. 3: Efficiency fluctuations at maximum power.

Contour plot of the probability density function of the ef-
ficiency pr=40ms,i(n) computed summing over 7 = 1 to 400
cycles (left axis). The long-term efficiency (averaged over
Texp = H0s) is shown with a vertical blue dashed line. Su-
per Carnot efficiencies appear even far from quasistatic driv-
ing. Inset: Tails of the distribution for pr—s40ms,10(n) (blue
squares, positive tail; red circles, negative tail). The green
line is a fit to a power-law to all the data shown, whose ex-
ponent is vy = (—1.9 £ 0.3).

bimodality
P(m)~1/n
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Electron microscopic image
of a quantum dot ratchet
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